The goal of this study was to evaluate the effects of a mixture of yeast culture, cell wall hydrolysates, and yeast extracts (collectively "yeast products," YP) on the performance, intestinal physiology, and health of weaned piglets. A total of 90 piglets weaned at 21 d of age were blocked by body weight, sex, and litter and randomly assigned to one of three treatments for a 14-d feeding experiment, including (1) a basal diet (control), (2) 1.2 g/kg of YP, and (3) 20 mg/kg of colistin sulfate (CSE). No statistically significant differences were observed in average daily feed intake, average daily weight gain, or gain-to-feed ratio among CSE, YP, and control piglets. Increased prevalence of diarrhea was observed among piglets fed the YP diet, whereas diarrhea was less prevalent among those fed CSE. Duodenal and jejunal villus height and duodenal crypt depth were greater in the control group than they were in the YP or CSE groups. Intraepithelial lymphocytes (IEL) in the duodenal and jejunal villi were enhanced by YP, whereas IEL in the ileal villi were reduced in weaned piglets fed YP. Secretion of jejunal and ileal interleukin-10 (IL-10) was higher and intestinal and serum antioxidant indexes were affected by YP and CSE. In YP-and CSE-supplemented animals, serum D-lactate concentration and diamine oxidase (DAO) activity were both increased, and intestinal mRNA expressions of occludin and ZO-1 were reduced as compared to the control animals. In conclusion, YP supplementation in the diets of weaned piglets appears to increase the incidence of diarrhea and has adverse effects on intestinal morphology and barrier function.
Introduction
Weaned piglets face numerous challenges, including diarrhea, impaired growth rates, and low feed intake (Blecha and Charley, 1990; Pluske et al., 1996; Kang et al., 2012) . Antibiotics have long been incorporated into the diets of piglets to solve postweaning problems; however, their use increases the potential for antibiotic residues to persist in pork products, and bacterial resistance could be transferred to humans (van den Bogaard and Stobberingh, 2000) . As such, many countries have banned the inclusion of antibiotics in the diets of pigs. To maintain the health status and growth performance of weaned piglets, there has been increasing demand to identify safe alternatives to antibiotics. Yeast culture (YC) is a dried product that contains live yeast cells and several metabolic by-products, including enzymes, vitamins, other nutrients, and important co-factors, which are produced during the yeast fermentation process. Previous studies have tested the effects of YC, Calcofluor white-hypersensitive (CWH), and yeast products (YP) on the performance of weaned piglets, demonstrating that they exert positive effects on intestinal function and health and enhance the immune response of piglets. Because YC, CWH, and yeast extracts (YE) exhibit differential effects on weaning piglets, a mixture of the three YP may therefore have synergistic effects on piglet health. In the present study, we hypothesized that dietary supplementation with YP may have positive effects on the intestinal physiology and health of weaned piglets; thus, the objective of the present study was to examine the growth performance, incidence of diarrhea, intestinal morphology, barrier function, immune response, and antioxidant system of weaned piglets fed a diet supplemented with YP.
Materials and methods

Animals, experimental treatments, and incidence of diarrhea
A total of 90 Duroc×Landrace×Yorkshire piglets were weaned at 21 d of age (average body weight (BW)=(7.86±0.22) kg), and were blocked by BW, sex, and litter and randomly assigned to one of three treatments, including (1) a basal diet, (2) the basal diet supplemented with 1.2 g/kg of YP (Shintsen Biological Technology Co., Ltd., Hubei, China), and (3) the basal diet supplemented with 20 mg/kg of colistin sulfate (CSE), for 14 d. The yeast used was Saccharomyces cerevisiae, and yeast cells were isolated from YC by centrifugation; cell walls were also isolated by centrifugation after the yeast cell was broken. Isolated cell walls were then hydrolyzed by the enzyme mannase. After drying, all the YC, CWH, and YE of a batch fermentation were mixed together to form the YP, the chemical composition of which is presented in Table 1 . The cereal-based basal diet (Table 2 ) met the National Research Council (NRC) nutrient specifications for pigs in the 10-20 kg BW range (NRC, 2012) . The YP group was fed the basal diet supplemented with 1.2 g/kg of YP, and the control and CSE groups were both fed the basal diet supplemented with 0.6 g/kg of wheat and 0.6 g/kg of soybean meal. There were six pens per experimental diet, with five piglets per pen. Piglets were allowed free access to feed and drinking water at all times during the study (Wu et al., 2010) . At 21 and 35 d of age, piglets were weighed immediately before feeding. Troughs were weighed and feed was added daily to determine pen feed intake. The average daily feed intake (ADFI), average daily gain (ADG), and gain-to-feed ratio (G:F) were calculated per pen, and the incidence of diarrhea in piglets was monitored and recorded daily by the same individual over the course of the study . The incidence of diarrhea was defined as described by Liu et al. (2008) . The incidence of diarrhea was also calculated according to the formula: diarrhea incidence=total number of pigs with diarrhea/ (total number of pigs×experimental days)×100%, where "total number of pigs with diarrhea" was defined as the number of pigs with diarrhea observed each day (Liu et al., 2008) . BW of the piglets was determined at 35 d of age. Six piglets (three females and three males) from each diet (one piglet per pen) were randomly selected for collection of blood and tissue samples, according to the protocol described by He et al. (2011) . Blood samples were collected by jugular venipuncture using 10-ml tubes, and centrifuged at 3000g at 4 °C for 10 min to recover serum . Serum samples were then stored at −80 °C until required for further analyses of D-lactate, diamine oxidase (DAO), and the anti-oxidation index. Piglets were then anesthetized (with C 3 H 2 ClF 5 O) and euthanized by intravenous administration (jugular vein) of 4% sodium pentobarbital solution (40 mg/kg BW) (Yang et al., 2012) . The gastrointestinal tract of euthanized piglets was immediately resected and divided into stomach, duodenum, jejunum, ileum, cecum, and colon. Approximately 20 cm of intestinal segments were aseptically isolated from the middle sections of the duodenum, jejunum, and ileum. The isolated intestinal segments were then flushed with phosphate-buffered saline and each segment was divided into two sections. One section (about 2 cm in length) was fixed using a 10% formaldehyde-phosphate buffer and kept at 4 °C, whereas the other section (approximately 18 cm in length) was used for mucosal sampling (Wu et al., 2015) . Immediately after collection, the mucosal tissue samples were frozen in liquid nitrogen and stored at −80 °C until required for further analysis of cytokines, anti-oxidation index, and mRNA expression (Tan et al., 2011; Yang et al., 2013) . Serum D-lactate content was measured using a commercial kit (Beijing Leadman Biochemistry Co., Beijing, China) and a Beckman CX4 Chemistry Analyzer (Beckman Coulter, Brea, CA, USA). The serum antioxidation index and DAO activity were determined using corresponding reagent kits (Jiancheng Bioengineering Institute, Nanjing, China) according to the protocol described by Yin et al. (2013) .
Small intestinal morphology analysis
The fixed intestinal segments were embedded using low-melt paraffin wax. Three cross-sections of each intestinal segment (5 µm in thickness) were stained with hematoxylin and eosin. Villus height and crypt depth of each intestinal segment were measured at 40× magnification using an image processing and analysis system (Version 1, Leica Imaging Systems Ltd., Cambridge, UK). At least ten well-oriented intact villi and their associated crypts were examined in each intestinal section of each piglet. The mean villus height and crypt depth of each section were then calculated per piglet and used for further analysis (Tan et al., 2009 ).
Measurement of cytokines and the antioxidation index in intestinal mucosa
Levels of interleukin-1β (IL-1β), IL-2, and IL-10 in the intestinal mucosa of piglets were measured using commercially available swine enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer's instructions (Cusabio Biotech Co., Ltd., Hubei, China). The minimum detectable doses for IL-1β, IL-2, and IL-10 were 3.9 pg/ml, 15.6 pg/ml, and 6.25 pg/ml, respectively. The total antioxidant capacity (T-AOC) of the intestinal mucosa (A015), catalase (CAT) (A007-1) and superoxide dismutase (SOD) (A001-3) activities, and malondialdehyde (MDA) (A003-1) and glutathione (GSH) (reduced, A006-1) contents were assessed using corresponding reagent kits according to the instructions of the manufacturer (Jiancheng Bioengineering Institute) (Ren et al., 2012) . Protein concentration was determined by bicinchoninic acid assay (Beyotime Biotechnology, Beijing, China), according to the instructions of the manufacturer. Concentrations of the intestinal mucosal cytokines and the anti-oxidation index were standardized to the concentration of protein in each sample.
RNA extraction and cDNA synthesis
Approximately 100 mg of intestinal mucosa was pulverized using liquid nitrogen, according to the protocol described by Yang et al. (2013) . Total RNA was then isolated from the homogenate by the TRIzol ® reagent (Invitrogen, Carlsbad, CA, USA) using 100 mg tissue per milliliter TRIzol. The integrity of the RNA was checked using agarose gel electrophoresis with ethidium bromide as the staining agent. The quantity and quality of RNA were determined by ultraviolet spectroscopy using a spectrophotometer (NanoDrop ND-1000; Thermo Fisher Scientific, DE, USA). The RNA had an OD 260 :OD 280 ratio (OD 260 and OD 280 are the optical densities at 260 and 280 nm, respectively) between 1.8 and 2.0. The RNA (10 µg) was incubated with DNase I (Invitrogen) according to the manufacturer's instructions and the treated RNA was then quantified using NanoDrop ND-1000 (Thermo Fisher Scientific). After quantification, 1 µg of DNA-free RNA was used for complementary DNA (cDNA) synthesis. First-strand cDNA was synthesized using oligo (dT) primer and Superscript II Reverse Transcriptase (Invitrogen).
Relative quantification of mRNA expression of occludin and ZO-1
Oligo 6.0 software (Molecular Biology Insights, Cascade, CO, USA) was used to design primers, which are listed in Table 3 . Real-time quantitative PCR (RT-PCR) analyses were performed using the ABI 7900HT Fast Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA). Total volume for each PCR was 10 µl, comprising 5 µl SYBR Green mix, 1 µl 4× diluted cDNA, 0.2 µl each of forward and reverse primers, and 0.2 µl ROX Reference Dye (50×). Following a pre-denaturation process (10 s at 95 °C), a total of 40 cycles of amplification (each cycle consisting of 95 °C for 5 s and 60 °C for 20 s) were conducted, which was followed by a melting curve program (from 60 °C to 99 °C with a heating rate of 0.1 °C/s, following which the fluorescence was collected). In each sample, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-actin were used as the reference genes to normalize the expressions of the genes of interest. The relative mRNA expression ratio (R) of each gene of interest was calculated by the following equation: R=2 −ΔΔC T sample−control , where −ΔΔC T sample−control =(C T sample gene of interest −C T reference sample )− (C T control gene of interest −C T reference control ).
The C T of reference was the mean C T value of GAPDH and β-actin. The efficiency of RT-PCR was determined by amplifying a dilution series of cDNA according to the equation 10 (−1/slope) . The mRNA of reference and interest genes was amplified with comparable efficiencies. In negative controls, the cDNA sample was replaced with water.
Statistical analysis
All data were subjected to one-way analysis of variance (ANOVA) using SAS software (Version 9.2; SAS Institute Inc., Cary, NC, USA). The pen was used as the experimental unit for the analysis of growth 
Results
Growth performance, incidence of diarrhea, and small intestinal morphology
Dietary supplementation with CSE and YP from Days 1 to 14 post-weaning had no significant effect on ADG, ADFI, or G:F in weaned piglets (Table 4) . The incidence of diarrhea in weaned piglets was increased (P<0.05) following dietary supplementation with YP, but reduced (P<0.05) following dietary supplementation with CSE. Dietary supplementation with CSE and YP reduced (P<0.05) villus height in the duodenum and jejunum, as well as crypt depth in the duodenum; however, no significant differences in villus height, or crypt depth in the ileum, or crypt depth in the jejunum were observed among the various treatments (Table 5 ). The number of goblet cells per 100 enterocytes was lower (P<0.05) in the duodenal villi of animals fed a CSE-supplemented diet compared to those fed the control or YP-supplemented diets, whereas that in the ileal villi was higher (P<0.05). No significant differences were observed in the number of goblet cells per 100 enterocytes in the jejunal villi (Table 5 ). The number of Intraepithelial lymphocytes (IEL) per 100 enterocytes was higher (P<0.05) in the duodenal villi of piglets fed YP-supplemented diets in comparison to those fed control or CSEsupplemented diets. The number of IEL per 100 enterocytes was also higher (P<0.05) in the jejunal villi of piglets fed the YP-supplemented diet in comparison to those fed the control diet. However, piglets fed the control diet had a higher (P<0.05) number of IEL per 100 enterocytes in the ileal villi in comparison to those fed CSE-or YP-supplemented diets (Table 5) .
Intestinal cytokines
Concentrations of IL-1β and IL-2 were increased (P<0.05) in the ileal mucosa of piglets fed CSE-supplemented diets in comparison to those fed the control or YP-supplemented diets. Treatment effects on duodenal and jejunal IL-1β and IL-2 concentrations were not observed. The concentration of IL-10 was higher (P<0.05) in the duodenal mucosa of piglets fed CSE-supplemented diets than that in those fed the control or YP-supplemented diets. Concentrations of IL-10 were significantly higher (P<0.05) in the jejunal mucosa of piglets fed CSE-and YPsupplemented diets in comparison to those fed the control diet, and concentrations of IL-10 were significantly higher (P<0.05) in the ileal mucosa of piglets fed YP-supplemented diets in comparison to those fed the control diet (Table 6 ).
Anti-oxidation index
Duodenal, ileal, and serum T-AOC was increased (P<0.05) in piglets fed CSE-and YPsupplemented diets in comparison to those fed the control diet; however, piglets fed the CSEsupplemented diet had a higher (P<0.05) jejunal T-AOC than those fed the YP-supplemented diet. An increase (P<0.05) in duodenal and jejunal CAT was observed in piglets fed the YP-supplemented diet compared to those fed the control or CSEsupplemented diets. Serum CAT was also higher (P<0.05) in animals fed the YP-supplemented diet compared to those fed the control diet. Jejunal SOD was decreased (P<0.05) following dietary supplementation with YP. Piglets that were fed YP-or CSEsupplemented diets yielded greater levels of (P<0.05) serum SOD than those fed the control diet. Dietary supplementation with YP increased (P<0.05) ileal GSH in weaned piglets. No differences in duodenal, jejunal, and serum GSH were observed among the various treatments. The concentrations of MDA in the jejunum and ileum declined (P<0.05) in piglets fed YP-and CSE-supplemented diets compared to those (Table 7) .
Intestinal barrier function
Serum D-lactate concentration and DAO activity were both increased (P<0.05) following dietary supplementation with YP and CSE ( Table 8 ). The expression levels of occludin were reduced (P<0.05) in the jejunum and ileum of piglets fed CSE-and YP-supplemented diets, respectively, in comparison to those fed the control diet. Jejunal ZO-1 expression was also down-regulated (P<0.05) by YP and CSE supplementation, and piglets fed the YPsupplemented diet yielded a lower (P<0.05) expression level of ileal ZO-1 than did those fed the control and CSE-supplemented diets (Table 8 ).
Discussion
At 2 weeks post-weaning, no significant differences were observed in ADG, ADFI, and G:F among piglets fed the CSE, YP, and control diets. Although several studies have shown that the inclusion of YC, YE, or yeast cell products has positive effects on the ADG of weaned piglets (Maribo and Spring, 2003; Carlson et al., 2005; Hahn et al., 2006; Kogan and Kocher, 2007; Shen et al., 2009 ), van der PeetSchwering et al. (2007 reported that the ADG of weaned piglets is not significantly affected by antibiotics and YC+cell wall products at 2 weeks post-weaning. We speculate that the effects of YC and yeast cell wall products on ADG were attenuated after being combined in the YP mixture. Moreover, dietary supplementation with YP increased the incidence of diarrhea in weaning piglets, and to our knowledge, no reports about the influence of YC, YE, or CWH on the incidence of diarrhea in weaning piglets have been published. The reduction of the positive effects of YC, YE, and CWH on the growth performance of piglets could be attributed to the fact that the gut health of piglets was likely adversely affected by the mixture of YC, YE, and CWH. Future studies should be conducted to test the interactions among YC, YE, and CWH. Although CSE has been widely accepted as a growth promoter in swine production, the present results demonstrate that it does not significantly affect the growth performance of weaning piglets. This finding could be attributed to colistin resistance or the fact that the dosage of CSE administered in the present study was very low (20 mg/kg), which was below the minimum dosage to improve growth performance. Moreover, although there were no statistically significant differences in growth performance among CSE, YP, and control groups, the G:F in the CSE group was about 5% and 7% lower than the control and YP groups, respectively. The lower G:F of CSE piglets was probably due to the fact that CSE animals had the lower feed intake and lower ADG.
Diarrhea usually follows some form of intestinal dysfunction arising from significant post-weaning changes in intestinal morphology, including an increase in crypt depth and a reduction in villus height, as has been observed in several studies (Boudry et al., 2004; Montagne et al., 2007; Verdonk et al., 2007) . Atrophy of the villi could be attributed to an increase in cell apoptosis, which is induced by cellular factors or endogenous stressors, and further regulates crypt height by promoting crypt cell proliferation (Jiang et al., 2000; Fleck and Carey, 2005) . Shen et al. (2009) reported that dietary YC increased villus height and the villus:crypt ratio in the jejunum of weaned piglets; however, van der Peet-Schwering et al. (2007) observed no changes in jejunal morphology when YC or YC+cell wall products were included in the diets of piglets. In the present study, we observed that villus height in both the duodenum and jejunum, as well as the duodenal crypt depth, were reduced in piglets fed a diet supplemented with YP. The variable effects of YP in weaned piglets may be due to differences in the live yeast contents of the diet, feeding environment, and piglet weaning age (van Heugten et al., 2003) . Although CSE and YP had similar effects on the intestinal morphology of weaned piglets, YP supplementation increased the incidence of diarrhea, whereas CSE supplementation had the opposite effect, possibly because CSE inhibits reproduction of the bacteria that cause diarrhea. Interspersed among the absorptive epithelial cells of the intestine, IEL and goblet cells are involved in preventing both bacterial overgrowth and the penetration of potential pathogens into epithelium. Because YC, yeast cell wall products, and antibiotics have been reported to affect the gastrointestinal bacterial community of weaned piglets (van der Peet-Schwering et al., 2007; Shen et al., 2009) , variations in IEL and goblet cell abundance could occur in response to changes in the epithelium of the microbiota.
The epithelium of the intestinal mucosa acts as a physical barrier that helps to block pathogens, while allowing dietary nutrients to enter the body (Sun et al., 1998 ). An intact intestinal mucosal barrier is therefore very important for proper intestinal function. D-Lactate and DAO are two important markers of mucosal integrity in the intestine, because serum D-lactate concentration increases and DAO activity intensifies when the mucosa is damaged (Luk et al., 1980; Vella and Farrugia, 1998) . Both serum D-lactate concentration and DAO activity were increased in YP-treated piglets, suggesting that the intestinal mucosal barrier was also damaged following dietary supplementation with YP, which is consistent with the changes observed in intestinal morphology and the incidence of diarrhea. The mRNA expression levels of the tight junction proteins occludin and ZO-1 were also lower in piglets fed the YP-supplemented diet than in piglets fed the control diet. In a previous study, van der Peet-Schwering et al. (2007) reported that dietary supplementation with YP and YC did not affect the integrity of the small intestine, as indicated by levels of plasma intestinal fatty acid binding protein (I-FABP). The disparity in results between the two studies may be explained by differences in the age at weaning.
Weaning stress is associated with oxidative stress, which is considered a major factor affecting intestinal health and function (Kaplan et al., 2007; Wang et al., 2008) . Antioxidant enzymes, such as CAT, SOD, and GSH are important components of the antioxidant system, which is involved in protecting cells from oxidative stress (Irshad and Chaudhuri, 2002) . Thus, functioning of the antioxidant system can be assessed by examining the activity of antioxidant enzymes and the concentration of GSH. Although dietary supplementation with YP exerted adverse effects on the incidence of diarrhea, intestinal morphology, and barrier function, the intestinal and serum antioxidant systems of weaned piglets (as indicated by the changes in T-AOC, antioxidant enzyme activities, and GSH and MDA concentrations in the intestinal mucosa and serum) were affected in piglets fed a diet supplemented with YP. These findings are consistent with previous reports of various in vitro and in vivo experimental models in which yeast polysaccharides exhibited antioxidant properties (Kogan et al., 2005; Pourahmad et al., 2011) . As diarrhea is usually associated with oxidative stress, which activates the antioxidant system (Granot and Kohen, 2004) , this activation in piglets fed the YP-supplemented diet may have resulted from the negative effects of YP on the gut health of weaned piglets. Early weaning results in a sudden cessation of passive immunity from the milk of sows, when the immune system of piglets is still immature, making them vulnerable to diseases such as diarrhea (Ushida et al., 2008) . Dietary supplementation with specific nutrients or immunomodulators could improve the performance and health of weaning piglets (Jiang et al., 2009) . Cytokines are small peptides that play important roles in the regulation of immune and inflammatory responses (Pié et al., 2004) . Proinflammatory cytokines (e.g., IL-1β, IL-2, and tumor necrosis factor α (TNFα)) are necessary to initiate the inflammatory response during infection; however, overexpression of these cytokines can affect pathological responses (Clark, 2007; Zelnickova et al., 2008) . Anti-inflammatory cytokines (e.g., IL-10 and IL-4) are capable of inhibiting the overexpression of pro-inflammatory cytokines and other mediators that could lead to hyper-activation of immune responses in weaned piglets (King et al., 2003; Schiepers et al., 2005) . Piglets fed a diet supplemented with YP exhibited lower levels of ileal IL-1β and IL-2 than those fed a diet supplemented with CSE. In addition, the levels of IL-10 in the jejunum and ileum of piglets fed the YP-supplemented diet were greater than those of piglets fed the control diet, suggesting that YP influences the immune response of weaned piglets. These results are consistent with previous reports of stimulation of the immune response of weaned piglets following dietary supplementation with yeast cell wall products or specific polysaccharides (Hahn et al., 2006) . Moreover, stimulation of the immune response by YP was very likely due to its effects on the intestinal health of weaned piglets, as those fed YPsupplemented diets yielded a higher incidence rate of diarrhea. In addition, the immune system was likely more reactive in piglets with diarrhea. As dysfunction of the large intestine is also a major cause of diarrhea, additional research is needed to test the effects of YP on the large intestine of weaned piglets.
Conclusions
The results of our study suggest that supplementation of YP in the diets of weaned piglets has negative effects on the incidence of diarrhea, intestinal morphology, and barrier function. Moreover, the mucosal immune system and antioxidant system in the small intestine of piglets were also affected by dietary supplementation with YP. Additional research that incorporates factors such as weaning age and the effects on the large intestine is warranted to gain a better understanding of the effects of YP on weaned piglets.
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